Abstract: Very little information is available on the behavior of fiber reinforced polymer (FRP) materials and FRP-strengthened concrete members in fire, and this is a primary factor hindering the widespread implementation of FRP strengthening technologies in the construction industry. This paper presents a numerical model for evaluating the fire behavior of conventionally reinforced circular concrete columns, FRP-wrapped reinforced concrete columns, and insulated FRP-wrapped reinforced concrete columns. The model is validated against data available in the literature from full-scale fire endurance tests on conventionally reinforced concrete columns, and preliminary predictions of the model are presented and discussed. It is demonstrated that the model agrees reasonably well with experimental data obtained from tests on circular reinforced concrete columns, that it is unlikely that the structural effectiveness of FRP materials can be maintained during fire, and that the fire behavior of FRP-wrapped columns can be dramatically improved by providing supplemental insulation for the FRP.
Introduction
Fiber-reinforced polymers (FRPs) are rapidly gaining acceptance as structural materials for a range of civil engineering applications. This is particularly true for FRP as external for concrete members. Until now, the majority of applications of these materials have been for bridges or structures where performance in fire is not a primary design consideration. Potentially there is a much larger market for the use of FRP materials in multistory buildings, parking garages, and industrial structures, where fire safety is a key design parameter (Kodur and Baingo 1998) . Research in the area of FRP-confined concrete has advanced to the point that design guidelines under ambient conditions are available (ACI 2002; ISIS 2001) and widespread acceptance of this strengthening technique seems inevitable. Indeed, many structures have been strengthened with external FRP wraps in recent years. However, before FRP reinforcement can be used with confidence in buildings, the performance of these materials during fire, and their ability to meet the fire endurance criteria set out in building codes, must be evaluated. Current fire-safety design methodologies for FRP materials (ACI 2002) are based on conservative assumptions and are not well founded in research. Thus, a more complete understanding of the fire behavior of FRP-confined concrete columns is required.
Full-scale fire endurance tests on FRP-confined reinforced concrete (RC) columns are time-consuming and expensive. Although a limited number of such tests are required for the purposes of model validation, accurate numerical models can significantly reduce the time and cost of fire evaluation for FRPconfined columns. Once validated, numerical models can be used to conduct parametric studies to investigate the effects of a range of parameters on fire performance, and design guidelines can then be suggested.
Background
Several important concerns are associated with the hightemperature behavior of FRPs for use in buildings, and these can be grouped into two broad categories: environmental and structural. Environmental concerns are associated with combustion of the polymer matrix component of the FRP. Most polymers are combustible and will burn when subjected to a sufficiently high heat flux. Combustion of FRPs is a major concern in buildings, since it could potentially result in increased flame spread or fuel load, or the generation of thick, black, toxic smoke (Sorathia et al. 1992) . Traditional construction materials such as concrete and steel are noncombustible, and there are typically few environmental concerns associated with their use. Structural concerns are associated with thermally induced degradation in the strength and stiffness of FRPs, which can be severe at only mildly increased temperatures (Blontrock et al. 1999) . Potential damage to the FRP-concrete bond is another concern, since bond relies heavily on the shear strength of the polymer matrix, which is severely degraded at temperatures beyond the glass transition temperature (GTT) (Katz and Berman 2000 reinforcing applications typically range from 65 to 150°C. Further, differential thermal expansion between FRP and concrete could result in the development of thermal stresses and could damage the FRP-concrete bond. Whereas environmental concerns are important considerations for the use of FRP materials in structures, the focus of the current study is on structural fire endurance, with an emphasis on the deterioration of strength and stiffness of FRP materials at high temperature and the consequences for FRPconfined RC columns during fire.
Material Behavior at High Temperature
Research conducted during the past 50 years has resulted in a relatively complete understanding of the variation in the thermal and mechanical properties of both steel and concrete at elevated temperature, and validated mathematical relationships to describe the observed trends are widely available (ASCE 1992). This is not generally true for FRP materials. In particular, data on the high temperature behavior of FRP are essential for accurate numerical modeling of fire behavior and are extremely scarce. For the purposes of the numerical modeling presented herein, a series of semiempirical analytical relationships were derived to describe the deterioration of strength and stiffness of FRP with increasing temperature. The relationships are based on multivariable leastsquares regression analyses of the scarce data available in the literature from tensile tests on carbon/epoxy FRP at high temperature. The data were fitted using a sigmoid function that has been used previously (Katz and Berman 2000) to describe deterioration of the FRP-concrete bond at elevated temperature.
Based on this analysis, Figs. 1(a and b) show the assumed variation in strength and elastic modulus, with increasing temperature, of concrete, reinforcing steel, and carbon/epoxy FRP. FRPs are sensitive to the effects of elevated temperature, with severe degradation of tensile strength and elastic modulus predicted at temperatures below 400°C. This highlights the need for research into the unique high-temperature structural behavior of FRP-RC members. Fig. 1(c) shows the assumed variation in effective transverse thermal properties of carbon/epoxy FRP wraps with temperature based on the work of Griffis et al. (1984) .
Numerical Model
Fire-safety engineering is primarily concerned with the protection of life and property from fire (ASCE 1992). As such, structural fire-design criteria are generally based on the minimization of fire spread, the ability to safely evacuate a structure, and the prevention of catastrophic collapse. Fire is defined herein in terms of a standard fire, which is a time-temperature profile chosen to represent the conditions to which a member might be subjected in the event of a severe building fire (ASTM 2001) . Any model to predict the behavior of a structure or member during fire must be capable of accurately predicting temperatures within the member, and subsequently using that information to estimate the load capacity of said member. In an effort to study the heat transfer behavior and load carrying capacity of circular FRP-confined RC columns during fire, a numerical procedure was developed and programmed for computer. The analysis consists of two main portions: a finite-difference heat transfer analysis and a strainequilibrium load capacity analysis.
Heat Transfer Analysis
The heat transfer analysis uses a similar methodology to that used in previous research on conventional RC columns conducted at the National Research Council of Canada (NRCC) (Lie and Celikkol 1991; Lie et al. 1992) . The analysis uses an explicit finitedifference formulation, based on an elemental energy balance, to calculate the temperatures inside concrete members when subjected to a specified standard fire (ASTM 2001) . It is assumed in the analysis that the column is infinitely long, and that the contribution of the internal reinforcing steel to the overall heat trans- The analysis is carried out by dividing the column cross section into a series of circular elemental rings. The thickness of all of the elements within any specific material is equal, although the total number of rings used in the analysis can be varied by the user. The meshing, which has not yet been rigorously optimized, typically used element widths of about 5 mm in the concrete, about 2 mm in the insulation, and between 0.3 and 0.6 mm in the FRP. This was observed to give satisfactory results. A sample discretization is shown as an exaggerated coarse mesh in Fig. 2 for a quarter-section of a FRP-confined RC column (shown without supplemental insulation). For each element an energy balance is formulated, based on conservation of thermal energy, and the resulting equations are combined to yield a series of explicit finite difference equations. As an example of the equation derivation for a specific element in the cross section, for a ring element in the interior of the FRP wrap, the change in energy stored in the element, ⌬Q st , during a time interval ⌬t, must be equal to the difference between the heat into the element, Q in , and the heat out of the element, Q out , due to conduction. Thus,
The heat stored in the elemental layer can be described in Cartesian coordinates using:
And, if the volume of the element is taken as V lay , and the time interval is taken as ⌬t, then for some overall change in temperature, ⌬T, the above equation can be expressed approximately as
where w C w ϭheat capacity of the FRP material (the product of density and specific heat). For a unit-length column segment, discretized as shown in Fig. 2 , Eq. (3) can be rewritten as
where T m i ϭtemperature of element m at the current time step and T m i−1 is the element temperature at the previous time step.
For a differential volume element, again in Cartesian coordinates, the heat conduction equation in one of the three orthogonal directions can be described using
Since the current heat transfer problem is one dimensional, due to radial symmetry, the heat out of an elemental layer of material per unit time, with thermal conductivity k, surface area A surf , and thickness L, by conduction can be approximated as
In the case of a circular unit-length elemental layer with variable thermal conductivity:
where T m+1 i−1 ϭtemperature of the adjacent element at the previous time step; and k m i−1 and k m+1 i−1 ϭthermal conductivities of the current and adjacent elements at their previous time step temperatures. The energy transferred into the element is similarly obtained.
Substituting Eqs. (4) and (7) into Eq.
(1), and rearranging to isolate the temperature at the current time step, yields the heat transfer equation for an element in the interior of the FRP wrap:
The temperature in the interior of the FRP wrap is thus expressed in terms of the thermal properties and temperatures at the previous time step in the adjacent elements, which, for a given instant in time, are all known. The complete suite of equations used in the analysis is complicated and lengthy, and their derivation is not included here. Similar equations to those used in the current analysis have been presented previously for the thermal analysis of concrete filled circular hollow structural sections (Lie et al. 1992 ). In the current study, the equations developed by Lie et al. (1992) have been reprogrammed and extended to account for differences in the thermal and mechanical properties of FRP in comparison with steel, and to allow for the inclusion in the analysis of a layer of insulation applied to the exterior of the FRP wrap. The firecolumn interface is treated using simplified boundary conditions as suggested by the ASCE Committee on Fire Protection (1992) by assuming that heat is transferred only by radiation (convection, which accounts for about 10% of the heat transfer, is ignored). This assumption has been used successfully for modeling both steel and concrete structural members. Initially all elements are assumed to be at room temperature ͑20°C͒.
At any instant in time, the above equations can be used to determine the current temperature at any location in the column based on the thermal properties and temperatures of the adjacent elements at the previous time step. The complete temperature history throughout the column can thus be obtained. 
Load Carrying Capacity Analysis
Once the distribution of temperatures throughout the cross section of the column during exposure to fire is known, its axial load carrying capacity can be approximated. The procedure employed is essentially a strain-equilibrium analysis that approximates the buckling strength of the column by discretizing the column cross section into a series of annular elements with corresponding strain and temperature values. Again, a similar approach has been used by previous authors to model the load capacity, during fire, of circular (Lie and Celikkol 1991) and rectangular RC columns, and concrete-filled steel hollow structural sections (Lie et al. 1992) .
The load capacity of a column during fire depends to a great extent on the compressive stress-strain behavior of the concrete in the cross section, which in turn depends on the temperature of the concrete at that particular location and time, and on the confining pressure applied by the FRP wrap. The confining pressure is important because it places the concrete in a state of triaxial compressive stress, which increases both its strength and ductility (Spolestra and Monti 1999). However, the confinement pressure depends in turn on the temperature of the wrap and the dilation of the concrete, so an iterative analysis is required.
The load capacity analysis relies on the assumptions that plane sections remain plane, concrete has no tensile strength, there is no slip between the reinforcing steel and the concrete, and the deterioration of mechanical properties of confined concrete with temperature can be treated in the same manner as the deterioration of mechanical properties for unconfined concrete.
Overall Procedure
The column is subdivided into a series of annular elements, as shown in Fig. 3 . Neither the FRP wrap nor the insulation, in cases where insulation is included in the heat transfer analysis, are included in the discretization of the column for the purposes of calculating its load capacity. The FRP wrap is assumed to have fibers in the circumferential (hoop) direction only, and its direct contribution to the axial strength of the column is assumed to be negligible. However, the effect of the confinement provided by the FRP, which increases the axial strength and ductility of the concrete, is included in the analysis using an iterative confinement model, as described later. The insulation is assumed to provide thermal protection only and has negligible strength.
The curvature of the column is assumed to vary linearly from inflection points to mid-height, as shown in Fig. 4 , so for any assumed curvature, , the mid-height deflection, y, of the column, with effective length KL, can be calculated using
For each element in the column's cross section, the temperature, stress, and strain are assumed to be represented by those at the centroid of the element. The axial strain that causes stress in any element is equal to a combination of the free thermal strain, ͑ T ͒ e , the bending strain, h e , and the overall (average) axial strain, a , since all elements are subjected to both axial and flexural loads. Thus, for an element on the left-hand side of the column centerline, the axial strain causing stress is calculated from (with compressive strains assumed to be negative):
where h e ϭdistance from the element centroid to the column centerline (refer to Fig. 4) . A similar procedure is used on the righthand side of the column centerline where the sign of the bending strain is reversed. Once the strain in each element is determined, the stress-strain characteristics at its current temperature, determined using the iterative confinement routine described below in combination with concrete thermomechanical subroutines, can be used to determine the stress. In this manner the elemental force due to each element can be obtained. The strains and temperatures in the longitudinal reinforcing bars are assumed to be the same as the concrete elements that the bars lie within. The stress in the steel is determined using thermomechanical subroutines for steel, and the force due to each bar can thus be calculated.
At each instant in time, the overall axial strain in the column is varied until the internal moment at mid-height, due to the contributions of each of the annular elements and reinforcing bars about the centerline of the column, is equal to the external moment at mid-height, due to the product of applied load and mid-height deflection. The internal moment at mid-height is calculated by summing the contributions of each of the elements, whereas the external moment is calculated as the product of the total vertical force at mid-height, and the horizontal (lateral) deflection of the column at that location. To facilitate the numerical analysis, an initial eccentricity of axial load must be assumed. In the current studies, the initial eccentricity, e 0 (mm) has been assumed as e 0 = 15+ 0.03d, where dϭcolumn diameter (mm). This value is in ACI 1995) for the design of conventionally reinforced concrete columns. By repeating the above procedure for increasing curvatures, load versus mid-height deflection plots can be obtained for a range of times during exposure to fire. From these plots, the maximum load capacity of the column can determined, and a plot of capacity versus fire exposure time can be developed. The model can also be used to predict the axial expansion or contraction of circular FRP-confined columns during fire, as well as the pure axial (crushing) strength of short circular FRP-confined columns-although analysis indicated that buckling is the governing failure mode in fire for member lengths that would be encountered in practice.
Confinement Modeling at High Temperature
A unique aspect of the numerical model described herein is that it accounts for the effects of FRP confinement on the strength of FRP-wrapped columns exposed to fire. The confinement effect has been incorporated in the analysis using a modified version of the iterative confinement procedure developed by Spolestra and Monti (1999) . This specific model was chosen for the current model because it is one of the few available confinement models that rationally calculates the confining pressure exerted by a FRP wrap for any level of concrete compressive strain.
Applying the Spolestra and Monti confinement model to the numerical analysis presented herein is complicated by the fact that the mechanical properties of the concrete in the column (required as inputs for the confinement model) are nonuniform over the column cross section due to thermal degradation. Thus, an extension of the model was required to account for the effects of fire on the properties of both the concrete and the FRP wrap.
With the overall axial strain in the concrete assumed and the temperatures throughout the cross section known, the maximum unconfined concrete stress and strain for each ring of the column, and the modulus and ultimate strength of the wrap (based on its average temperature) are obtained from thermomechanical subroutines. These mechanical properties are used as inputs for the Spolestra and Monti model, and the confining pressure is determined. The procedure for calculation of the confinement pressure at any instant in time is as follows: 1. The column is discretized into a series of ring elements (refer to Fig. 2) ; 2. The overall axial strain in the column, a , is assumed 3. The confining pressure applied by the wrap, f lat , is assumed. 4. The average temperature of the FRP wrap, T wrap i , at time step, i, is calculated using:
and the stress-strain characteristics of the wrap at the current temperature are obtained from thermomechanical subroutines.
5. For each ring the confined concrete strength, f cc Ј , is obtained, using (Mander et al. 1988) :
where f co Ј ϭcompressive strength of the unconfined concrete at the current temperature.
6. The confined compressive strength is used, along with the concrete stress-strain curve of Popovics (1973) , to determine the current element stress, f c , at the current strain, a :
In the above equations, E c ϭinitial modulus for the unconfined concrete, taken as 5,700 ͱ f co Ј (Spolestra and Monti 1999). 7. The lateral strain, lat , for each element is determined using an equation developed by Spolestra and Monti (1999) to give dilation as a function of axial strain and concrete stress:
where ␤ = 5,700
8. The lateral strain in each ring due to thermal expansion, T , is determined by assuming that all elements are free to expand laterally, and the total lateral strain in each concrete ring is calculated by summing the dilation and thermal strains over the cross section. 9. The overall lateral strain of the column, lot , is approximated by averaging the lateral strain contributions from each elemental concrete ring over the cross section:
10. The overall lateral strain is used to determine the strain in the FRP wrap, and hence to update the lateral confinement pressure, which is calculated using a modification to the Spolestra and Monti confinement procedure suggested by Manfredi and Realfonzo (2001) :
In the above equation, t w ϭthickness of the FRP wrap; E w ϭmodulus of the FRP at the current average wrap temperature; and d w ϭaverage diameter of the wrap. 11. The confinement pressure obtained above is used as the new value assumed in Step 3, and Steps 3-10 are repeated until convergence of the confining pressure is achieved.
The confinement model as implemented here assumes a constant confining pressure at all points in the column cross section. Tests have indicated that, for columns subjected to both axial and flexural loads, a bonded wrap will actually provide a higher level of confinement in the regions of the cross section subjected to compressive flexural strains. The assumption of a constant confining pressure is thus conservative in the current analysis.
Thermal and Thermomechanical Subroutines
To accurately model the effects of fire on structural members, a detailed knowledge of the thermal and physical properties of the constituent materials is required. The variation in thermal and physical properties of the constituent materials with temperature is accounted for in the current analysis by updating the temperatures of constituent materials in thermomechanical subroutines. Subroutines for reinforcing steel and concrete were developed using relatively well established mathematical relationships for numerical fire modeling (ASCE 1992). For FRP, the density, thermal conductivity, and specific heat were modeled using data presented by Griffis et al. (1984) , shown in Fig. 1(c) , and the mechanical properties were modeled using semiempirical analytical relationships derived by the authors (Bisby 2003) , and shown in Figs. 1(a and b) .
Model Validation
Test data are not currently available on the fire behavior of FRPconfined RC columns. It is instructive, however, to compare predictions of the model with experimental data from fire endurance tests on conventional RC members, such that the model can be used with relative confidence to conduct preliminary studies to investigate the fire behavior of FRP-confined columns. Few results from fire endurance tests on circular RC columns are available in the literature, and to the knowledge of the authors, only two such studies have been performed. Lie and Celikkol (1991) reported the results of two full-scale fire endurance tests on circular spirally-reinforced concrete columns, and Franssen and Dotreppe (2003) reported the results of four full-scale fire endurance tests on tied circular RC columns. The Lie and Celikkol (1991) columns were 3,810 mm long with a diameter of 356 mm. Their 28-day concrete cylinder compressive strength was 42 MPa and their longitudinal reinforcement consisted of six 20 mm diameter bars with a yield strength of 414 MPa. The columns were tested with fixed-fixed end conditions. The Franssen and Dotreppe (2003) columns were 2,100 mm long with a diameter of 300 mm. Their 28-day concrete cube compressive strength was 60 MPa and their longitudinal reinforcement consisted of six 20 mm diameter or six 12 mm diameter bars with yield strengths of 500 MPa. These columns were tested with pinned-pinned end conditions. In both studies the columns were cast using siliceous aggregate concrete. Details of the columns are presented in Table  1 .
Prediction of Temperatures
The numerical model presented herein was used to evaluate the fire behavior of the Lie and Celikkol (1991) columns, and a comparison was made between the experimental results and the model predictions. Fig. 5 shows experimental and predicted temperatures in the concrete at various depths as a function of fire exposure time. Significant variability is observed in the experimental data, likely due to slight dislocation of the thermocouples in the concrete during concrete casting, and also due to an incomplete understanding of the variation in material properties with temperature. At a depth of 25 mm, there is good agreement between the experimental and predicted temperatures, although the model tends to under-predict temperatures within the first hour of fire exposure. At depths of 64 and 178 mm, the experimental curves are characterized by rapid increases in temperature followed by regions of relatively constant temperature. This behavior is more pronounced at greater depths, and has been attributed (Lie and Celikkol 1991; Lie et al. 1992 ) to thermally induced moisture migration and evaporation in the concrete. Although the model Lie and Celikkol (1991) . b Test reported by Franssen and Dotreppe (2003) . Lie and Celikkol (1991) accounts for evaporation of moisture using a procedure suggested by ASCE (1992)-wherein water begins evaporating from an element when it reaches a temperature of 100°C, and all of the heat supplied to that element is consumed in evaporation until all of the moisture has evaporated-it does not account for thermally induced moisture migration toward the center of the column. Hence, the numerical model tends to under-predict concrete temperatures early in the fire exposure, with closer agreement at later stages. Late-stage temperatures are those that play a critical role in determining the fire endurance of the columns, and hence the initial discrepancy is not a major concern. The 100°C plateau is not observed at a depth of 25 mm, likely due to a combination of less moisture near the surface of the concrete and the migration of moisture toward the centre of the column on heating. Fig. 6 shows the measured and predicted axial deformations of the Lie and Celikkol (1991) columns during fire exposure using an applied axial load of 1,431 kN (as was applied during the fire tests). During the first two hours of exposure, the calculated deformation is generally slightly greater than that observed in tests. This could be due to short term creep of the concrete or to seating effects not accounted for in the model, both of which would tend to decrease the observed deformation. However, both the maximum deformation and the point of failure are predicted reasonably well by the model. The greatest difference between predicted and measured axial deformations is in the order of 1.5 mm, which is good in comparison to the overall elongation of the columns ͑Ϸ7.5 mm͒. Axial deformation of the members is due to a number of factors, including thermal expansion, load effects, shortterm thermally induced creep, and bending, some of which cannot be completely accounted for by the model. Nonetheless, the model adequately predicts the overall magnitude of elongation as compared against test data. Fig. 7(a) shows the predicted axial strength of the Lie and Celikkol (1991) columns as a function of fire exposure time. Figs. 7(b and c) show similar plots for the Franssen and Dotreppe (2003) columns. Also included in Fig. 7 are horizontal lines showing the sustained axial load applied to the various columns during fire tests. The fire endurance of the members is defined as the instant when the load capacity drops below the applied load. Fire endurances as observed in tests are included as points in Fig.  7 . Good agreement is observed between the model predictions and experimentally observed fire endurance times. Table 1 gives a comparison of predicted and observed fire endurances for all six columns examined. It is evident that the numerical model generally performs well at predicting the fire endurance of conventional RC columns, and that it is generally conservative (from 3 to Franssen and Dotreppe (2003) ; and (c) Columns No. 5 and 6 tested by Franssen and Dotreppe (2003) 26%). The model predictions for fire resistance appear more conservative for columns with larger proportions of reinforcing steel, likely because the thermomechanical degradation model used for the reinforcement is conservative (ASCE 1992).
Fig. 5. Predicted and observed temperatures at various locations in the columns tested by
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With the above discussion in mind, the model was deemed to satisfactorily predict the fire behavior of circular RC columns, although the above comparisons provide no validation of the model for the confining effect of a FRP wrap during fire. Fullscale fire endurance tests on loaded FRP-confined RC columns are currently underway. These tests will provide data that can be used to more completely validate the numerical model.
Preliminary Model Predictions
The model can be used to make preliminary predictions and provide insight into the behavior of FRP-confined columns during fire. As an example, it has been used herein to predict the behavior in fire of the Lie and Celikkol (1991) columns with four different configurations: the unconfined RC column as described in Table 1 (columns 1 or 2), the same column confined with a single layer of a typical carbon FRP sheet, and the confined column with either a 10 or 25 mm thick layer of supplemental insulation applied to the exterior of the FRP. For the purposes of illustration, the insulation is assumed to have a constant thermal conductivity of 0.2 W / m K and a constant heat capacity of 1,360 kJ/ m 3 K, properties which are equivalent to those of a typical gypsum plaster at room temperature ( Buchanan 2001) . The FRP is assumed to have a thickness of 0.76 mm, an ultimate tensile strength of 1,510 MPa, and an elastic modulus of 90.2 GPa. Details of the columns used in the comparative analysis are included in Table 2 . Fig. 8 shows the predicted temperatures at the wrap/concrete interface all four columns analyzed. The effect of supplemental insulation is clearly evident in the predictions, with much lower temperatures predicted at the level of the FRP for the two insulated cases, as should be expected. It has been suggested that satisfactory performance of FRP wrapping systems in fire could be defined as maintenance of the FRP wrap temperature below the GTT of the polymer matrix, the rationale being that the wrap should presumably maintain some effectiveness at temperatures below its GTT. It is likely that such a criterion is highly conservative given the life-safety objectives of fire design, and although a more holistic structural approach to fire design is preferable, it is interesting to consider what the consequences of such a criterion might be.
Most polymer matrices for use in external plating of RC structures have GTTs in the range of 65-150°C (ACI 2002) . If the GTT is taken as 100°C for the purposes of illustration, then Fig.  8 and Table 2 suggest that, even with a 25 mm thick coating of insulation (with the thermal properties of gypsum plaster) applied to the exterior of the FRP, the fire endurance of the FRP-confined column examined here would only be about 33 min, far less than is generally required for concrete columns in conventional structures. This suggests that maintaining the FRP below the GTT will be difficult for reasonable insulation thicknesses. Although greater insulation thicknesses could theoretically be used, it is unlikely that thicknesses exceeding about 50 mm could be considered practical; since one of the major advantages of FRP wrapping, as compared with conventional strengthening techniques, is that the size of members is not greatly increased. In any case, the fire endurance of FRP-confined columns should be defined in terms of load carrying capacity during exposure, rather than the temperature of the FRP. Fig. 9 shows the predicted load capacity of the four representative columns as a function of fire exposure time. The capacity of all four columns is seen to decrease with increasing fire exposure. The initial strength of the unconfined column is slightly less than the confined columns due to the effect of the FRP wrap. It is interesting to note that the predicted initial increase in strength due to FRP wrapping is relatively small (about 4%). This can be explained by considering that the load capacity analysis is essentially a buckling analysis, and FRP confinement cannot be expected to significantly increase the modulus of elasticity of the concrete in the column. Hence, the room temperature buckling strength of the columns is increased only slightly by FRP wrapping. Fig. 10 shows the predicted pure axial (crushing) strength of the four columns as a function of fire exposure. It is clear that the effect of FRP confinement on crushing strength is more pronounced than in Fig. 9 for the buckling strength. It is also evident that the loss of effectiveness of the FRP wrap has more significant b Based on reaching the critical temperature of the matrix GTT ͑100°C͒ at the fiber reinforced polymer/concrete interface. c Based on the load carrying capacity of the column during fire. Fig. 8 . Predicted temperature at the outside surface of the concrete for various column and wrap configurations negative consequences for the capacity of the columns, as evidenced by the wrapped-uninsulated column's behavior, where a loss of confining pressure within the first 20 min of fire exposure is predicted. However, it is also evident that the predicted crushing strength remains greater than the buckling strength. Thus, buckling failure governs.
The unconfined column is predicted to fail, when its buckling load capacity drops below its applied service load, at 164 min. The service load has been approximated by back calculating from the ACI-318 (ACI 1995) design strength assuming a 1-to-1 liveto-dead load ratio. The FRP-confined column, which has an increased service load as a consequence of its increased design strength due to FRP confinement, is predicted to fail at 117 min based on a service load backcalculated from the ultimate design strength as predicted by ACI-440.2R-02 (ACI 2002)-refer to the Appendix. However, the FRP-confined and insulated columns have higher fire endurances, even though the effectiveness of the wrap is likely lost in the early stages of fire exposure (when the GTT is exceeded). This can be explained by considering that concrete and reinforcing steel, unlike FRP, are relatively unaffected by temperatures up to 400°C. Thus, it is thermal protection of the existing column that contributes to enhanced fire endurance.
It is interesting to consider the notion that a RC column with insulation but without FRP would presumably perform similarly to a FRP-wrapped and insulated column, since the structural effectiveness of the FRP is lost early in the fire exposure, even for well-insulated columns. However, it is important to recognize that columns are not wrapped for increased fire endurance but rather for greater axial load capacity or seismic upgrade. In these cases, the analysis suggests that fire protection is required to ensure not that the FRP remains effective, but that the overall structural member has sufficient capacity to carry the increased expected service load at the elevated temperatures experienced during fire. Obviously, full-scale fire resistance tests are required to verify this result and to ensure that any specific insulation used will stay in place during fire. Such tests on FRP-confined and insulated RC columns are currently underway, and the results of this test program will be reported at a later date.
Conclusions
In this paper, a numerical model was described that can be used to evaluate the endurance of circular FRP-confined RC columns to exposure to a standard fire. The model has been validated against data from fire endurance tests on RC columns available in the literature, and has been found to agree reasonably well with experimental results. The model was subsequently used to conduct a preliminary numerical investigation of the fire endurance of FRPconfined RC columns, and suggests that • If the fire endurance of a FRP-confined RC column is defined in terms of the temperature at the level of the FRP wrap, then supplemental fire insulation, applied to the exterior of the FRP wrap, is essential to maintain temperatures below prescribed values. The limiting temperatures would likely be the GTT or ignition temperature of the polymer matrix. • It will likely be very difficult, within the practical range of insulation thicknesses, to maintain the confining effectiveness of a FRP wrap during fire. If fire endurance is defined in terms of the load-carrying capacity of the column, as it should be according to current fire endurance guidelines (ASTM 2001), then the FRP wrap should be considered ineffective during fire. However, supplemental insulation applied to the exterior of the wrap is capable of dramatically improving the fire endurance of the overall column.
Appendix. Load Calculations
Test loads were calculated in accordance with ASTM E119 (ASTM 2001) and using ACI design guidelines (ACI 1995 (ACI , 2002 . Actual tested properties for the columns were used in all calculations. The maximum design strength, P n͑max͒ , for a RC column is Consideration must be given to determine reasonable strengthening limits which should be imposed to prevent collapse of the structure due to complete failure of the FRP system. The existing structure should thus satisfy:
where ͑R n ͒ ex ϭexisting strength of the member; S DL ϭstrengthened service dead load; and S LL ϭstrengthened service live load. Assuming a live-to-dead load ratio of 1:1, and using the ACI load factors of 1.4 and 1.7 for dead and live loads, respectively, the maximum allowable axial design strength, P max , can be calculated for the FRP-wrapped column: 
